Abstract: Optical antennas can enhance the coupling between free-space propagating light and the localized excitation of nanoscopic light emitters or receivers, thus forming the basis of many nanophotonic applications. Their functionality relies on an understanding of the relationship between the geometric parameters and the resulting near-field antenna modes. Using scattering-type scanning near-field optical microscopy (s-SNOM) with interferometric homodyne detection, we investigate the resonances of linear Au wire antennas designed for the mid-IR by probing specific vector near-field components. A simple effective wavelength scaling is observed for single wires with λ eff = λ /(2.0 ± 0.2), specific to the geometric and material parameters used. The disruption of the coherent current oscillation by introducing a gap gives rise to an effective multipolar mode for the two near-field coupled segments. Using antenna theory and numerical electrodynamics simulations two distinct coupling regimes are considered that scale with gap width or reactive near-field decay length, respectively. The results emphasize the distinct antenna behavior at optical frequencies compared to impedance matched radio frequency (RF) antennas and provide experimental confirmation of theoretically predicted scaling laws at optical frequencies. 2197-2203 (2005). 30. Since the detected signal is a demodulation of the tip-sample dither frequency, it actually represents the near-field gradient within the dither region rather than just the near-field intensity.
Introduction
Expanding the realm of geometric optics, optical antennas provide a means of focusing radiant visible and infrared (IR) light down to nanometer length scales. This has potential for a wide range of novel photonic applications including chemical [1, 2, 3, 4, 5] and thermal sensors [6, 7] , near-field microscopy [8, 9] , nanoscale photodetectors [10] , and plasmonic devices [11, 12, 13] . However, addressing the up to several orders of magnitude dimensional mismatch between the emitter or receiver in the form of molecules, quantum dots, or waveguides on the one hand, and the associated wavelengths of the radiation on the other has remained a primary challenge. With optical antennas, this challenge typically needs to be met by through-space near-field coupling and not by a feed line from the receiver or emitter as in the radio frequency (RF) case [14] . By interacting with nanoscale structures through the near-field, one may take advantage of spatial localization and field enhancement on length scales comparable to the size of the nanoscopic source. Therefore, in contrast to RF antenna designs, where the focus is on optimizing far-field characteristics in order to obtain better long distance transmission and reception performance, optical antenna designs must first emphasize the near-field behavior. Like RF antennas, optical antennas are resonant structures responding to specific frequencies through both the geometrical and material characteristics of the antennas and their environments [16, 17, 18, 19, 15, 3, 20, 21] . However, at optical frequencies, different scaling laws arise associated with the finite skin depth and corresponding resistive losses, finite aspect ratios and an inhomogeneous dielectric environment. Far-field spectral studies [16, 17, 21, 19, 20, 18] and theoretical modeling [22, 23, 24, 25] have already addressed several fundamental aspects of optical antennas. Yet, the general understanding of the material and geometrical basis of optical antenna modes is still incomplete. In order to gain insight into the near-field antenna modes and their geometric scaling, we measured the evanescent near-field distribution in the form of selected vector-field components of linear IR antennas using scattering-type scanning near-field optical microscopy (s-SNOM) [26, 27] . The linear wire antenna was chosen as the simplest implementation of an optical antenna to investigate the fundamentals of length scaling and the effect of coupling between adjacent antenna segments. The antennas are designed for the mid-IR spectral region due to the comparable ease of structure fabrication as compared to the visible spectral range. In addition, IR optical antennas are in great technological need with many potential applications in chemical spectroscopy, ultrafast IR and THz transient detection, and remote sensing. [10, 6, 7, 8, 9, 16, 25, 5] .
Experiment and Theory
Au wire antennas were fabricated by electron beam lithography onto native oxide covered Si wafers (resistivity ρ = 3 − 6kΩ · cm). The wafers were metalized with a 5 nm seed layer of Ti and 70-80 nm of Au to produce wires approximately 120-150 nm in width, with lengths ranging from 1.6 μm to 7.0 μm, with and without center gaps ranging from 50 nm to 200 nm in width. All structures were separated from each other by 20 μm to ensure mutual decoupling and to minimize extraneous backscattering within the illuminating focal area.
The s-SNOM setup is based on a modified atomic force microscope (AFM, CP-Research, Veeco Inc.) operating in non-contact mode as shown in Fig. 1 and discussed in Ref. [28, 29] . Pt tips were used in the measurements shown (Si tips were used as well with similar results, though with lower scattering intensities). Both tips exhibit weak dipole-dipole tip-sample coupling, and thus minimize perturbation of the intrinsic field distribution [28] . Excitation is provided by a CO 2 laser (λ = 10.6 μm) incident onto the sample via a Cassegrain objective (NA = 0.5) at a 70 • angle with respect to the surface normal. The elliptical focus has a width at the sample of ∼13 μm. Polarization selective excitation and tip-scattered near-field detection is performed with p-and s-polarized light defined with respect to the incidence plane. For excitation, the incident polarization was chosen along the antenna axis. The tip-scattered light is detected using a mercury-cadmium-telluride (MCT) photodetector. The optical signal is recorded while raster scanning the sample and is typically demodulated at the second-harmonic of the tipdither frequency [30] . Homodyne amplification was performed to extract phase information from the optical near-field signal [31, 32] . To first order, given the scattered near-field E n f and the reference field E re f with corresponding phases φ n f and φ re f , the detected intensity
. The in-plane E y and outof-plane E z near-field vector components can be extracted by selective amplification of the respective polarization components by appropriately adjusting the magnitude of the reference signal [35] .
Electrodynamics simulations were performed using HFSS (Ansoft Corp.) which uses a fullwave finite element method to evaluate the electromagnetic fields of selected model geometries. To simulate the experiment, the antennas are excited by a 10.6 μm plane wave with a strength of 1 V/m and with an incident angle of 70 • with respect to the surface normal. The dielectric constants of Si and Au used are ε Si = 11.7+i1.52x10 −5 and ε Au = −4790+i4270, respectively, as measured by infrared ellipsometry of the Si substrates and of thin Au films fabricated under the same conditions as the antennas. The wires were modeled as Au half-cylinders terminated by quarter spheres to approximate the shape of the antennas and minimize numerical artifacts compared to rectangular cross sections.
Results and discussion
Probing the out-of-plane E z field component is ideally suited for identifying the antenna modes due to the anti-phase oscillations associated with each electromagnetic pole (i.e. charge center). In addition, an enhanced scattering for p-polarization due to the tip geometry benefits the s-SNOM sensitivity. Figure 2 shows the simultaneously recorded topography (a) and (b) and s-SNOM signal for the E z near-field component (c) and (d) as probed under the s in p out polarization combination of a single Au wire of length L = 1.6 μm. The optical contrast (c) is due to the respective constructive and destructive interference of the antenna near-field with the interferometer reference field [28] . The apparent out of phase oscillations of the E z field across the wire signifies dipolar behavior. Depending on the phase delay of the interferometer the contrast inverts as shown, e.g., in line traces for a 180 • reference phase reversal (solid vs. dashed line in Fig. 2(d) ). For comparison, Figs. 2(e) and 2(f) show the corresponding simulated monomer field for L = 1.6 μm, 20 nm above the metal in-plane and cross-sectioned, respectively. The highest field strength is located near the wire ends with a near-linear variation across the wire, in excellent agreement with the experimental observation.
The half-wavelength dipole resonance antenna length for incident excitation of 10.6 μm as determined from the numerical simulations is L = (2.6 ± 0.2) μm, implying an effec- tive wavelength of approximately λ eff = (5.2 ± 0.4) μm corresponding to a scaling factor of λ /λ eff = 2.0 ± 0.2 for the geometric and material parameters used. To arrive at this value, the input impedances for a series of center-fed antennas with lengths ranging from 2.0 μm to 5.0 μm were computed with a step size of 10 nm. Antenna resonance then corresponds to an input reactance of X = 0 Ω. The resonant length of ∼ 2.6 μm is found to be in good agreement with results obtained for related geometries studied [16, 18] .
This value can also be compared with an analytic scaling approximation [15] using an effective homogeneous dielectric constant for the surrounding medium of the antenna. Assuming an arithmetic mean of the dielectric constants of Si and air ((ε Si + ε air )/2 = 6.35) results in an effective wavelength of ∼ 3.6 μm. Considering the geometric mean ( √ ε Si ε air = 3.42), the effective wavelength is ∼ 5.1 μm, a value close to the numerical results above. These effective wavelengths are considerably reduced compared to the free space wavelength of 10.6 μm. The difference can be attributed to the observations made previously, noting that the resonance wavelength is reduced due to the ohmic loss in the metal at optical frequencies, the dielectric properties of the substrate, and the finite antenna width [15, 7, 16, 18] .
A dipole behavior for single wires can still be discerned in s-SNOM measurements of Au wires with lengths greater than the dipole resonance length. However, an increasingly asymmetrically distorted E z distribution results, as has been seen in measurements for antennas of lengths up to 3.4 μm (data not shown), which is the longest measured structure still supporting a dipole-like field distribution. If the length of the antenna is extended further, multiple halfwavelength current oscillations develop on the antenna for a given excitation frequency with resonances L ≈ n × λ eff /2 with n = 1, 2... [36] . The first higher order mode (n = 2) corresponding to the L ≈ λ eff resonance is seen in Fig. 3 for a wire of length L = 5.0 μm, corresponding to the theoretically predicted mode at λ eff = (5.2 ± 0.4) μm as discussed above. The two-fold maxima and minima observed for the E z field represent a quadrupole excitation as also seen in corresponding numerical simulations for the same geometry (c). The smaller spatial extent and higher strength of the fields at the wire endpoints, as observed in the experiment, are characteristic for this excitation mode and are also reproduced theoretically.
In classical antenna theory the occurrence of these antenna resonances depends on the input impedance at the feed point. Considering the entire transceiver system, including the signal source or receiver, transmission lines, and the antenna, resonance is achieved when the antenna presents a conjugate input reactance, which ensures maximum power transfer [37] . The sig- nificance of the λ /2 antenna length is merely that such an antenna presents nearly zero input reactance and approximately 75 Ω input resistance intrinsically, and thus can be made to resonate easily, and radiate efficiently [36] . However, in the optical regime the currents on the two arms of a dimer antenna structure do not interact in the same manner as in the RF. Consequently, introducing a so-called "feed gap" into the center of an equivalent half-wave linear optical antenna is inapplicable in attaining antenna resonance [15] . This is shown in Fig. 4 displaying the topographies and near-field E z distributions for antenna structures of overall length L = 2.0 μm (a)-(d) and L = 3.4 μm (e)-(h) after introducing gaps of 150 nm (with similar results also observed for 100 nm and 40 nm gaps). As is evident from the observed field distributions, the antenna current oscillations no longer represent single dipole excitations as was observed for individual wires of corresponding length. Instead, a dipole behavior is seen for each of the segments, making the overall optical near-field distribution reminiscent to that of a linear quadrupole. This is reflected in corresponding numerical simulations for the L = 3.4 μm antenna dimer with a gap of 150 nm (i).
The resulting antenna resonance can be described by two separate, albeit coupled, dipole antennas. In order to analyze the coupling and its effect on the antenna resonance, given the linear wire antenna geometry, simple classical RF antenna coupling theory can be adopted. The mutual interaction of the respective antenna electric fields with the underlying currents of neighboring antennas is described by their mutual impedance [36] . For two identical coaxial antennas of length l separated by a gap of size d, in the approximation of negligible width of the antenna segments, assuming a free space environment, and a sinusoidal current, the mutual impedance Z 21 referred to the input terminals (i.e. the impedance change occurring at the input of antenna 2 due to the electric field radiated by antenna 1) is given by [39] 
where h = l/2, μ 0 is the vacuum magnetic permeability, ε 0 is the electric permittivity, k is the wavenumber of the driving field, and
with R = z + l + d. While a single antenna is subject to self-impedance only (Z 11 or Z 22 ), two antennas undergo a shift in total impedance equal to the sum of the self impedance and the mutual impedance scaled by the antenna current ratio:
, where I j denotes current in wire j. Figure 5 shows the resulting coupling observed as an increased mutual impedance (shown here normalized to the self impedance, i.e. |Z 21 /Z 22 |), for a pair of collinear ideal half-wave antennas as a function of gap width. Since resonance in RF antennas is dependent on the input impedance of the antenna, coupling is associated with resonance shifts. This effect is seen when one compares the resonant lengths (reactance X = 0 Ω) of antennas as a function of separation distance as seen in Fig. 5 . The result is a characteristic, though small, oscillation in resonant length converging to that of a single resonant dipole antenna with length L = 0.4857λ for large separation distances. This oscillatory behavior is an interference effect. Considering the 90 • phase difference between antenna current and the radiated field, for separation distances of (n + 1/4)λ (for n = 0, 1, 2, ···), the current in each antenna is in phase with the electric field radiated by the other antenna, and they interact constructively. Conversely, when the antennas are separated by (n + 3/4)λ , the currents are out of phase with the radiated fields. Both situations lead to a change in input impedance which require the antenna length to increase for constructive and decrease for destructive interference, respectively, in order to achieve resonance. The sharp drop in resonance length at small separation distances can be attributed to a reactive near-field interaction, which dominates for distances of r < 0.62 L 3 /λ [36] . The mutual impedance effect is particularly strong when the antennas are oriented side by side, with each antenna located in the direction of maximum radiation of the other. In that case, the mutual impedance significantly exceeds that of the collinear case [36, 39, 40] .
Applying this analysis for the optical regime, both the effective wavelength and changes in the emitted field distribution due to the inhomogeneous dielectric environment and finite aspect ratio of the antennas have to be considered. Nevertheless, the fundamental coupling mechanism in the form of the field retardation effects is expected to prevail. This is supported by previous experiments that indicate similar coupling behavior for antennas in the visible and near-IR [5] . Therefore, this reactive coupling in the coaxial antenna geometry as determined by the wavelength and the antenna size has only a small effect on the resonance length of the individual antenna segments. The effective scaling as established for single wires is also directly applicable for the individual segments of the coupled dimer antennas.
In addition to this long range interaction a local interaction on much shorter distances occurs which amounts to an increase in enhancement with decreasing distance [21] . Its magnitude, however, depends sensitively on the local geometric details at the gap, and to first order, is expected to scale with gap width as the radius of the antenna ends. This can give rise to substantial enhancement values, especially for distances in the range of just several nanometers for corresponding apex radii as shown in the visible spectral range for collinear wires [19, 5, 24, 41] and bow-tie antennas [21] . Such a geometric dependence is reminiscent of tip-enhanced spectroscopy where a tip-distance dependence of the enhancement in the gap has been established to scale with the radius of the tip apex [34, 42, 43] .
This local coupling is expected to manifest itself largely in a distance dependent variation of the E y field for our geometries as seen in the calculated field distribution in Fig. 4(j) . While the strength of the E z field at the ends dominates over the E y amplitude in general, E y in the gap increases rapidly and becomes dominant for gap widths < 200 nm. In contrast, the phase change of the E z field across the gap gives rise to E z = 0 at its center. Hence, enhancement of E z is spatially less localized and experiences a comparatively small variation as a function of gap width.
While both the E z and E y components hold much promise in controlling light at these subwavelength dimensions as determined by the gap width, the enhancement of the E y component in particular is key for field-enhanced spectroscopies [5, 2] , subwavelength emitters [8] , and nanometer-scale photodetection [10] . The corresponding experimental observation of this in-plane field component, however, has remained a major challenge [8, 44] . The experimental difficulties arise due to the relative insensitivity of the tip for scattering s-polarized field components. Further, due to the finite taper angle of the tip, depolarization of the dominant ppolarized E z signal contribution during the scattering process is a concern [45] . This, together with all E y components across the antenna being in phase, makes assignment of the s-SNOM signal difficult. In s in s out experiments (see Appendix), contrast is observed with in-phase signal characteristics that would, in principle, be consistent with an E y assignment. The results, however, have been inconclusive, with no signal observed in the gap or beyond the antenna endpoints. We attribute this to the antenna effect of the tip itself. For long wavelengths the scattering of the tip apex for s-polarization becomes increasingly inefficient compared to that for longitudinal p-polarized excitation. This is in contrast to our related experiments for plasmonic nanoparticles in the visible where the E y component could be identified [28] .
Probing a gap field has been reported in recent IR studies of resonant antennas with gaps as large as 100 nm fabricated on the facet of a quantum cascade laser (QCL) [8] . In these studies, signals from the gap region as well as from the apex of the outer wire ends dominate the optical response, possibly due to the E y field. However, no polarization sensitive detection is discussed. Also, despite the expected enhanced tip-scattering sensitivity for polarization parallel with respect to the tip axis, as stated by the authors, no signature of the characteristic E z fields above the metal wires is detected. It is interesting to note that in recent independent IR experiments in other groups for antenna structures and gap widths with geometries similar to those discussed here, no significant gap fields could be observed [46] .
Conclusion
In summary, we have demonstrated selective E z vector-field probing in the IR at 10.6 μm to obtain modal information of optical wire antennas of various lengths. With an effective wavelength of λ eff = (5.2 ± 0.4) μm, scaling the monomer lengths beyond the half-wavelength dipole resonance of λ eff /2 = (2.6 ± 0.2) μm, the transition from a dipole to a quadrupole field distribution for a L = 5.0 μm monomer was observed. In contrast, the dimers with the individual segments optically coupled across a small gap were revealed to have a new resonant behavior emerging from a superposition of individual monomer modes, reminiscent of a linear quadrupole, confirming theoretical predictions. Two manifestations of the coupling could be identified from the combined experimental, numerical, and analytical antenna theory analysis: resonant effects due to the current-field interaction as determined by the antenna separation distance and λ eff , and local field enhancement effects determined by separation distances on a length scale of tens of nm. These results for linear antennas are fundamental and shall be applicable in general to other antenna geometries and wavelengths. They provide design criteria for more complex architectures to optimize the resonant interaction of both incident light with receptive devices and the near-field coupling to emissive particles. Further developments in, e.g., impedance matching techniques for optical antennas [47] and in methods for spatial, temporal, and spectral control of light [48] will enhance the performance of future device applications including detectors at the nanoscale, chemical spectroscopy and thermal sensing. together with the same field for the dimer geometries with overall lengths L = 3.4 μm and gap widths 150 nm (c, d) and 40 nm (e, f). All structures exhibit E z components as shown in Fig. 2(c) and Figs. 4(c) and 4(g). This has been observed using both Pt as well as Si as the tip material.
The phase behavior, showing in-phase emission for all poles both for the monomer as well as for the dimers would be consistent with the expected tip-scattered emission due to the E y field component. However, the relative strength of the measured field and its spatial distribution compared to that of the simulated field (see, e.g., Fig. 4(j) ) suggest that the signal observed is dominated by a depolarized E z component.
The absence of any field detected within the gap is notable. Yet, the strong, unambiguous E z optical contrast observed and the near perfect agreement with theory suggest that the corresponding E y field should exist. As already indicated in the manuscript, one possible reason for the apparent absence of a gap field is the antenna effect of the tip itself. Compared to the visible, as the wavelength of the light extends to the mid-IR, the dimensional mismatch between the tip apex and the wavelength increases. This leads to a decrease in scattering efficiency of the tip apex as the active scattering probe region for s-polarized light compared to p-polarized light. The result is a general insensitivity of s-SNOM using conventional tip geometries for IR fields polarized perpendicular to the tip apex.
